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PLASMA ASSISTED FLAME (PAF) REACTOR FOR THE PRODUCTION OF 

HYDROGEN-RICH GAS 

BACKGROUND OF THE INVENTION 

1. Field of Reinvention 

The present invention relates to a plasma reactor and process for the • 
production of hydrogenrrich gas fiom light hydrocarbons. 

2. Description ofthe Related Technology 

Improving the efficiency of enei:gy production remains an importiit 
technological goal, owing to the significant economic benefits that result in ahnost 
every sector of the economy. One potential method for improving the efficiency of 
energy production is to provide an energy efficient method of converting Ught • 
hydrocarbons to hydrogen-rich gas. for fuel-cell appUcations or use in die chemical 
industiy. 

Plasma based fuel converters such as plasmatrons are known to reform 
hydrocarbons to produce hydrogen-rich gas. DC arc plasmajrons. for example..are 
disclosed in U.S. patent nos. 5.425.332 and 5,437.250. DC aro plasmatrons generaUy 
operate at low voltage and high cun«nt As a result, these plasmatrons are particularly 
susceptible to electrode erosion and/or melting. DC aro plasmatrons also require 
relatively high power i,q,uts of 1 kw or moro and relatively high flow rates of coolant 
to keep the temperature in check. 

Other conventional methods for the conveision of light hydrocarbons to 
hydrogen-rich gas aro generally energy inefficient and. as a result, in many smaU- 
scale applications, such as the production of hydrogen for fhel cells, die cost of 
hydrogen gas made by these methods is not cost effective. Thus, thero is a need in the • 
art for a more energy efficient process for the conversion of Ught hydrocarbons to 
hydrogen-rich gas. 
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U.S. patent nos. 5.993,761 and 6,007.742 (Czemichowski et al.) describe 
processes for the conversion of Kght hydrocarbons to hydrogen-rich gas using gUding 
arc electric discharge, in the presence of oxygen and, optionally, water. In the 
process, tv^ro electrodes having flat sheet geometry are arranged for arc ignition and 
subsequent gUding of the arc. The distance between the cafliode and anode graduaUy 
increases to a ppint that no longer supports the gliding arc. As a result, the gliding arc 
disappears at one end of the electrodes, creating pulsed plasma wherein the properties 
of the plasma change with time. Due to the use of pulsed plasma, the process is" 
relatively unstable over time. Reagents and oxygen are pr^eated using an external 
heat source shown in Fig. 2 ofU.S.Patentno. 5,993,761. As a result of the 
preheating of the reagents and oxygen using an external heat source, the process 
suffers from poor energy efiSciency. A premixed feed gas including hydrocarbons and 
oxygen is introduced to the reactor via a tube located at the central axis of the reactor. 

U.S. Patent no. 5.887,554 (Cohn et al.) also discloses a system for the 
production of hydrogen-rich gas from light hydrocarbons. The system includes a 
plasma fuel converter for receiving hydrocarbon fuel and reforming it into hydiogen- 
rich gas. The plasma fuel converter can be operated using either pulsed or non-pulsed 
plasma and ckn utilize arc or hi^ frequency discharges for plasma generation. 
Products from the plasma fiiel converter are employed to preheat air input to the fuel 
conv^arter. In one embodiment shown, residence time in the reactor is increased by 
providing a centraUzed anode and a phiraHty of radial cathodes to thereby cause the 
arc to glide towards the center of the reactor under the influence of gas flowing in the 
same direction as the g^ding arc. 

U.S. patent no. 6,322.757 (Cohn et al.) disclosed a plasma fuel converter which 
employs a centralized electrode and a conductive reactor structure which acts as the 
second electrode for creation of a plasma discharge. Reagents are fed to the reactor 
just below the smallest gap between the electrodes and flow in the same direction as 
the gUding arc to thereby produce hydrogen-rich gas. In alternative embodiments, air 



OodtetNo. DREX-I004USP 
Client ReK'No.: 02-078D 
Lead InventOR Aleximder Gnlsol 



3 



10 



and/or fuel are preheated by counter-flow heat exchange with the products of the 
refonning reaction and fed to the reactor either above or just below the smaUest gap 
between the electrodes. 

Although some unprovements In the enwgy efficiency of plasma fuel 
■ converters have been achieved, there remains a need for higher energy eflEiciencies for 
use of non-equilibrium low temperature plasma. 

SUMMARY OF THE INVENTION 
Accordingly^ it is an object of certain embodiments of the invention to provide 
a plasma assisted flame reactor design and a process for the conversion of light 
hydrocarbons to hydrogen-rich gas using a low temperature, non-eiiuiMbrium plasma. 

It is another object of certain embodiments of the invention to provide a 
plasma assisted flame reactor design and a process for the conversion of light 
hydrocarbons to hydrogen-rich gas using a low temperature, non-equiUbrium plasma 
15 *at has a relatively high hydrogen yield and improved energy efBciency. 

In order to achieve theabove and other objects ofthe invention, anon- • 
equilibrium plasma vortex reactor is provided. In one aspect of the invention, the ' 
plasma reactor is designed to provide one or more ofthe reagents to the reactor in a 
manner that creates a reverse vortex flow in the reactor. As a result ofthe reverse 
vortex flow, reagents are heated imd residence time in the reactor is increased thereby 
resulting in higher conversion of reagaits to hydrogen-rich gas. 

In anotha- aspect of tbs invention, a method for non-equiUbrium plasma 
conversion of Ught hydrocarbons to hydrogen-rich gas is provided. In the method, at 
least some ofthe reagents are fed to a non-equihT>rium plasma vortex reactor to create 
25 a reverse vortex flow ma reaction zone. In this manner, reagents are heated and 

residence time in the reactor can be increased thereby resulting m higher conversion 
of reagoits to hydrogen-rich gas. 

These and various otiier advantages and features of novelty tiiat characterize 
tJie invention are pointed out with particularity m the claims annexed hereto and - 
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fonning a part hereof However, for a better understanding of the invention, its 
advantages, and the objects obtained by its use. reference shotild be made to the 
drawings which foim a further part hereof and to the accompanying descriptive 
matter, in which there is iUustrated and described a preferred embodunent of the 
invention. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 isaschematic representation ofaplasma reactor in accordance with the 
present invention showing the circumferential flow component of the first gas. 

Fig. 2 is a schematic representation of a plasma reactor in accordance with the 
present invention showing the axial flow component of the gases in the reaction . 
chamber. 

Fig. 3 is a schematic representation of a plasma reactor in accordance witfi the 
present mventibn and having a third gas inlet. 

Fig. 4 is a schematic representation of a plasma reactor in accordance with the 
present invention provided with a counter-current heat exchanger. 

Fig. S is a schematic representation of an alternative embodiment of a heat 
exchanger which may be used in accordance with the present invention. 

Fig. 6 is a schematic representation of a plasma reactor in accordance with the 
present invention showing the movable circular ring electrbde in the ignition position. 

Fig. 7 is a schematic representation of a plasma reactor in accordance with the 
present mvention showing the movable circular ring electrode in the reactor operating 
position. 

Fig. 8 is a schematic representation of a plasma reactor m accordance with the 
present mvention provided with a sphal electrode. 

Fig. 9 is a schematic representation of a plasma reactor in accordance with the 
present invention provided widi both a spiral elect^de and a circular ring electrode. 
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Fig. 10 is a schematic representation of a plasma reactor in accordance with 
the present invention provided with a ciroular ring electrode which fonns part of one 
end of the reactor. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The present invention relates to a device and process for conveision of light 
hydrocarbons to hydrogen-rich gas using a low temperature, non-equUibiium plasma. 
The term "light hydrocarbons" as used herein refers to C, to C4 hydrocarbons, which 
may be saturated or unsaturated, branched or unbranched, and substituted or 
unsubstituted with one or more oxygen, nitrogen, or sulfur atoms. 

In general, dimensions, sizes, tolraances, param^ers, shapes and oflier 
quantities and characteristics are not and need not be exact, but may be approximate 
and/or larger or smaUer, as desired, reflecting tolerances, conversion factors, rounding 
off, measurement error and the like, and other fectors known to those of skill in the 
art In general, a dimension, size, parameter, shape or other quantity or characteristic 
is "about" or "approximate" as used herein, whether or not expressly stated to be such. 

Gaseous hydrocarbons and oxygen are die reagents in the process of the * 
present invention. The conversion process consists of two steps as illustrated below 
using methane as the light hydrocarbon reagent 
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CH4 + 20,-*2HaO+COj (I) 
3CH« + CO,+2H20— 8Hj + 4CO (11) 

Step (0 is exothennic whereas step (U) is endothennic and tends to be the 
' rate-detennining step. 

Referring now to the-drawings, wherein like reference numerals designate 
conesponding structure throughout the views, and referring in particular to Fig. 1. a 
schematic view of a vortex plasma reactor 10 of the present invention is depicted.' 
The plasma reactor 10 includes a reaction chamber 12. At or near the one end of the 
plasma reactor 10, there are one or more nozzles 14 fer feeding a first gas to the 
plasma reactor 10. Nozzles 14 may be located about the circumference of the plasma 
reactor 10 and are preferably spaced evenly about the circumference. Preferably, at 
least four nozzles 14 are employed. The first gas is introduced to the reaction 
chamber. 12 via nozzles 14 which are oriented tangential relative to the waU 13 of the 
reaction chamber 12. The tangential orientation of the nozzles 14 imparts a 
circumferential velocity component 16 to flie first gas as it is introduced to the 
reaction chamber 12. Products leave the reaction chamber 12 via outlet 20 located at 
or near one end of tfie reaction chamber 12. 

Thfe present invaition preferably employs a flange 30 with a circular opening 
32 located substantially at die center of the flange 30 to form the reverse vortex flow. • 
The flange 30 is preferably circular and is located proximate to the nozzles 14. The 
size of the circular opening.32 is unportant to determining the flow pattern in the 
reaction chamber 12. Nozzles 14 are preferabfy located just below the flange 30 so 
that the gas from the nozzle can enter the r^on chamber 12 directiy. The flange 30 

maybeothershapesthancircular.forexamplepentagonaloroctagDnaL Thediameter 
of die opening 32 in the flange 30 should be fiom about 90% up to ahnost 100% of 
the diameter of the reaction chamber 12. 

The reverse vortex flow in the reaction chamber 12 causes the reagents to swirl 
around a region of plasma and flame 80, shown, for example, in Fig. 7, in the reaction 
chamber 12. This provides heating of th^ reagents as fliey move downwardly around 
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the central core region 24. Also, the reverse vortex flow increases the residence time 
of reactants inside the reaction chamber 12. Increased residence time helps to ensure 
that the first step (I) of the conversion reaction fully converts the reagents to the 
intermediate products required to feed step (II) ofthe conversion reaction. Reverse 
5 vortex flow can be eastty realized in a cylindrical reaction chamber 12. The diameter 
of flie outlet 20 and/or the circular opening 32 in the flange 30 should be considerably 
less flian .half the diameter ofthe cylindrical reaction chamb« 12 to ensure reverse 
vortex flow. 

Without the reverse vortex flow, the reagents would enter the reaction 

10 chamber 12 through inlet IS.and pass between the electrodes forming the plasma and 
leave the reaction chamber 12 at a relatively high yelocity,.and, at least in a smaU 
reactor, incqmplete conversion of die reagents to the intermediate products of step (I) 
ofthe conversion reaction would likely occur. The present invention provides an 
increased residence time in the reaction chamber 12, by causing ifae reactants to Iravel 

15 a greater distance in the reactor by unparting a circumferential velocity component to 
the reagents. Residence times can be increased by an order of magnitude using a 
preferred form of the reverse vortex flow. This helps to ensure complete conversion 
ofthe reactants to intermediate products m step (I) of the conversion reaction. 

In die embodiment of Fig. 1, die reagents are premixed and introduced to die 

20 reaction chamber 12 via die nozzles 14. This creates a fiiU volume of flanie in die 
reaction chamber 12 causing flie reactor waU 13 to become very hot. indicatmg a 
significant enargy loss to die enviroiun«it from die reactor 10. As a result of diis 
conditfon, care must be taken to provide safe conditions for ignition of die flame and 
to prevait combusfion of die reagents prior to dieir entry into the reaction chamber 12. 

25 These fectors indicate diat die embodiment of Fig. 1, wherein die reagents ate 
premixed and fed to die reaction chamber 12 via nozzles 14, is a less preferred 
embodunent of die invention. Typical inlet velocities for feedmg gas into reaction 
chamber 12 via nozzles 14 is fiom about 10 m/s to about 50 m/s. 

In order to reduce heat loss to the environment and minimize die risk of 



Docke.tNo. DREX-l004|iSP 
Client Ret No.: 02-078D 
Lead Inventon Alexaoiler Gutsol 



10 



20 



8 



unwanted combustion outside the reactor, two separate inflammable gases can be fed 
to the reaction chamber via different inlets as depicted in Fig. 2. In this embodiment, 
a second gas is fed fiom a second end of the reaction chamber 1 2 via gas inlet 1 8 to 
impart an upward, axial flow component to the gases.in the reaction chamber 12. As 
shown in Fig. 2, the second gas fed to the reaction chamber 12 via inlet 18 imparts an 
axial velocity component 22 to the first gas in the reaction chamber 12. In this 
manner, tiie pieseiit invention ensures a sufBcientiy high axial velocity in the reaction 
chamber 12 to move a gliding arc axially upwardly for plasma creation. The reverse 
vortex flow also helps to mix tiie first and second gases in tiie reaction chamber 12. 

A preferred ratio of the tangential flow velocity to the axial flow velocity is 
about 4.0. This ratio of flow velocities causes tiie reverae vortex flow to follow 
approximately a 15 degree slope in the reaction chamber 12. Preferably, in tins 
embodiment, the hydrocarbon-rich feed gas is' introduced to tiie reaction chamber 12 
via die nozzles. 14 and an oxygen-rich gas is introduced to tiie reaction chamber 12 
15 . tiirough inlet 1 8. In this manner, tiie flame in tiie reaction chamber 12 can be 

maintained at a distance from tiie waU 13 of tiie reactor 10, tiiereby keeping the wall 
of tiie reactor 10 relatively cool. This is achieved as a result of the downward flow of. 
tfie hydrocarbon-rich gas from tiie nozzles 14 along tiie wall 13 of tiie reaction 
chamber 12 which provides insulation between tiie plasma and flame and tiie reactor 
waU 13. In tins manner, heat loss to tiie environment can be reduced tiiereby furtiier 
improving tiie efficiency of tiie reactor 10. However, it is also possible to achieve 
acceptable results by feeding tiie hydrocarbon-rich feed gas to tiie reaction chamber 12 
via tiie inlet .18 and tiie oxygen-rich gas via tiie nozzles 14. 

Referring to Fig. 3, there is shown anotiier embodiment.of ttie reactor 10 of tfie 
25 present invention which fiirtiier includes a tiiird inlet 26 at one end of tiie reaction 
chamber 12 for introduction of a tiiird gas to tiie reaction chamber 12. The tiiiid gas 
may be employed, as necessary, to assist tiie flame in tiie reaction chamber 12. 
Preferably, tiie third gas is oxygen gas. 

In anotiier embodiment of tiie invention shown in Fig. 4, a heat exchanger 40 
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is employed to preheat the at least one feed gas for die reactor 10, Preferably, when 
employing two or more inlets to feed gas to the reactor 10, at least two of the feed . 
gases are preheated in the heat exchanger 40. More preferably, both the hydrocarbon- 
rich gas fed via nozzles 14 and the oxygen-rich gas fed via failet 1 8 are preheated in 
heat exchanger 40, Also, it is preferred to preheat the feed gases by counter-current 
heat exchange with the product stream.firom the reactor 10 as shown in Fig. 4. This 
reduces the amouiit of energy input to the system for preheating the feed gases, and 
cools the product stream, which is also desirable in the process of the mvention. 

Fig. 4 shows the reactor 10, provided with a wall 13, nozzles 14, an inlet 18 
and a product outlet 20. Product stream 50 is fed ftom product outlet 20 to an inlet 42 
at a first end of heat exchanger 40, through heat exchanger 40 to product outlet 43 of 
heat exchanger 40. Product stream 50 leaves heat exchanger 40 as a hydrogen-rich 
cooled gas. At least one fised gas is fed to. mlets 44, 46 located at a second end of tiie 
heat exchanger 40 for counter-current heat exchange with product stream 50. In the 
embodiment of Fig. 4, first feed gas stream 52 is fed to inlet 44 of heat exchanger 40 
and leaves heat exchanger 40 via. first gas outlet 45, whereupon first feed gas stream 
52 is fed to the nozzles 14 of the reactor 10. Second feed gas stream 54'is fed to inlet 
46 of heat exchanger 40, arid leaves heat exchanger 40 via second gas outlet 47, • 
whereupon the second feed gas stream 54 is fed to inlet 18 of reactor 10. 

In order to increase the heat exchange capacity of the heat exchanger 40, the 
heat exchanger 40 may be filled with a heat conducting material, such as nickel pellets 
48. Odier suitable heat conducting materials may be employed, though it is preferable 
to use nickel-based metals as the heat conducting material. In a more preferred 
embodiment, the heat exchanger 40 is partially filled with a heat conducting material, 
such as nickel pellets 48, as shown in Fig. 5. The remaming, unfilled portion 49 of 
heat exchanger 40 may be left as empty space. In a preferred embodiment, about half 
of the volume of heat exchanger 40 is filled with heat-conducting material. This 
serves to increase the residence time of intmnediate products of product stream 50 in 
heat exchanger 40 to thweby improve conversion of the intermediate products to the 
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final products via step (U) of the reaction given above. In this manner, significant 
conversion of intennediate products to final products can be realized in heat 
exchanger 40. 

The reactor of the present mvention employs a plasma-assisted flame (PAF) in 
the reaction chamber 12. The PAF is produced by preheating the reaction chamber 12 
with an inert gas such as nitrogen, or with a lean combustion mixture, and replacing 
the preheating gas with the feed gases which provide the reagents for the reactions (1) 
and (11). As the reagents mix in the reaction chamber 12.aflammable state is 
produced thereby resulting in the appearance of a flame in the reaction chamber 12. 
Finally, the oxygen concentration in the reaction chamber 12 is reduced to a low level 
which is at least sufficient to maintain a stj*le flame. The oxygen concentration in 
the reaction chamber 12 can alternatively be iraintained at a level \vhich provides a 
stoichiometric amount of oxygen for the reactions (D and (11). as long as the flame is 
stable at this concentration. TKiis, in a prefened embodiment, the-oxygen 
concentration in reaction chamber 12 is at least as high as the concentration of Ught 
hydrocarbons in the reaction chamber 12, as long as the flame is stable at this oxygen 
concentration. If the flame is stable using a stoichiometric concentration of oxygen, 
additional oxygen can be fed to the reactor in the form of water vapor to produce riore 
hydrogen via the reaction: 

CH, + H20 — CO+SHj 

Using sliding arc plasma, as in the present invention, the flame can be 
maintained even widi combinations of reactants which would normaUy be outside the 
limit of flammability, hence the term "plasma assisted flame" (PAF). The PAF 
provides &8t conversion of reagents to intennediate products, while keeping the 
energy input to the reactor at an efficient level, since the PAF consumes less electrical 
energy than sUdmg aro plasma alone. The PAF also permits the use of lower 
concentrations of oxygen in die reaction chamber 12 to maintain the flame. This is 
desirable since lower oxygen concentrations tend to result in greater hydrogen 
production by minimizingthe amount ofwater generated in the reaction chamber 12 
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In one embodiment of the invention, the present invention utilizes a constant 
distance between electrodes to maintain a stable sliding arc iii order to avoid the 
production of pulsed plasma, wherein the properties of the plasma constantly change 
with tme. By maintaining the sliding arc with a constant distance between the 
electrodes, stable plasma is obtained and the properties of the plasma do not change 
significantly with time. 

The stable sliding arc can be obtained, for example, using electrodes as shown 
in Fig. 6. In Fig. 6, a first electrode is provided in Ae reaction chamber 12 in the form 
of a circular ring electrode 60, supported by supporting wires 62 and connected to a 
power supply 64 via an electrical connection 66. A second electrode 70 is preferably 
located in an upper portion of the reaction chamber 12, 

The circular ring electrode 60 is mounted, via supporting wires 62 on a 
movable mount 68 for substantially vertical movranent in the reaction chamber 12. 
Movable mount 68 is actuatable firom outside the reactor 10 to permit adjustment of 
the distance between the circular ring electrode 60 and the second electrode 70. This 
arrangement permits the circular ring electrode 60 to be positioned a first, minimum • 
distance 69 fe>m the second electrode 70 for ignition of the sliding arc. Once the 
sliding arc is ignited, the circular ring electrode 60 is moved vertically downwardly 
using movable mount 68 to position the circular ring electrode 60 at a second, greater 
distance fiom the second electrode 70, as shown in Fig. 7. In this manner, a short 
distance between circular ring electrode 60 and second electrode 70 can be provided 
for ignition, and a longer distance between circular ring electrode 60 and second 
electrode 70 can be provided for operation of the reactor 10. The abiUty to adjust the 
distance between the electrodes also aUows the optimization of the sUding arc plasma 
generation in the reaction chamber 12 by selection of the optimal distance between the 
electrodes for reactor operation. 

Power consumption per unit length of the sUding arc for a fixed current is 
constant, and electrode spot energy is constant Thus, by increasing the distance 
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between the circular ring .electrode 60 and the second electrode 70, the power 
consumption in the reaction chamber 12 can be substantially increased without 
increasing the current strength provided to the reactor. As a result, the sliding arc can 
be operated without overheating, melting, evaporation and droplet erosion of the 
electrode sur&ce at the arc point. This provides a significantly improved life 
expectancy for die electrodes. 

The circular ring electrode 60 which forms the first electrode, can be 
interchanged with electrodes having other geometries. A circular geometry, for 
example, is desirable for a cylindrical reaction chamber 12, such as that illustrated in 
the drawings since this geometry will maintain the sliding arc at a relatively constant 
distance fiom the wall 13 of the reactor 10. Thus, for a cylindrical reaction-chamber 
12, die circular ring electrode 60 can be interchanged widi, for. example a flat ckcular 
disc,.not shown. The second electrode 70 can also be in.die form of a circular ring 
electrode or flat circular disc. In a more preferred embodiment, die second elecliode 
70 also acts as a flow restrictor and dius may take die place of die flange 30, discussed 
above. 

Referring to Fig. 7, there is shown ttie reactor 10 of Fig. 6 widi die circular 
ring electrode 60 in position to maintain a stable sliding are for plasma generation. As 
shown in Fig. 7, the combination of die gas flows, electrode geometry and reagent 
mixtoire provide a PAF 80. Reagents flow around die PAF 80 in a reveise vortex flow 
pattern 82, as shown. 

In anodier embodiment shown in Fig. 8, die present invention employs a spiral 
electrode 90 as die cadiode for providing die sliding arc. The anode may again be a 
flat disc 70 or circular ring as m die previous embodiments. The spiral electrode 90 
may be anchored to die reactor 10 at one end diereof by any suitable attachment 
mechanism 92, such as a screw. Preferably die spiral electrode 90 is of sufBcient 
stmctural rigidity to support itself widiin die reaction chamber, as shown. The spiral 
electrode 90 produces an arc which slides fiom die firee end 94 of the spiral electrode 
92 toward die anchored end 93 of die spiral electrode 90. 
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The movement of the sliding arc is the result of the revase vortex flow 82 in 
reaction chamber 12. Since the sUding arc moves around, the arc spot on Ae 
surface of the spiral electtode 90 continuously moves to a new location, thus 
protecting tiie.electrode material from excessive wear in a single location! This helps 
provide a longer life for the spiral electrode 90, and to prevent overheatmg, melting, 
evaporation and/or droplet erosion of the electrode surface at the arc point. Since the 
distance between the spiral electrode 90 and the second electrode 70 remains constant, 
the sliding arc will become constant and stable with time once the reactor 10 is 
running. Moreover, the reverse vortex flow 82 of reagents in the reaction chamber 12 
helps provide additional stabilization of the slidifag arc in the reactor.- ' ' 

Thie shape of the spiral electrode 90 can be optimized based on the flow 
conditions within the reaction chamber 12. and the type of power supply employed. 
For example, ratperimenial flow visualization, numerical modeling and/or 
computerized flow simulation can be employied to help design the optimal shape for 
spiral electrode 90. For the prefened shape for the spiral electrode 90 the diameter of 
each successive spiral decreases relative to the previous spiial, as the distance from 
the anode 70 increases. Also, it may be preferable for the distal end of the spiral, 
relativb to the position of the anode 70, to form a circular ring to provide a simflar" 
geometry to that shown below in Fig. 9. 

When a high potential, e.g. 3kV/mm is applied across the electrodes, electrical 
breakdown ignites the ghding arc. The strong reverse vortex flow 82 in the reaction 
chamber 12 forces the gliding arc to move around the longitudinal axis 100 of the 
reactor 10. The arc thus elongates itself along the spiral electrode 90 until it 
eventuaUy reaches the end of the spiral electrode 90 furthest away from the anode. 
Since the gliding are is maintamed in a central zone of the reaction chamber 12 by the 
spiral electrode 90 as shown in Fig. 8, it is subjected to significantly less flow 
distiiibances than it would be subjected to if the gUding arc extended closer to the waU 
13 of the reactor 10. Also, the area of the gUding arc is subjected to intensive 
convective cooling as a result of the reverse vortex flow 82 and the gliding arc is 
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thennaUy insulated fiom the waU 13 of the reactor 10 by this same reverse vortex 
flow 82. These fectors aUow the provision of high plasma density, high power and 
high operating pressures, high election temperatures, and relatively low gas 
temperatures. This combiiiation of properties aUows the selective stimulation of 
COTtain chemical processes within die reactor 10, if desired. 

In anotiier embodiment of the present mvention, shown in Fig. 9, a 
combination of a spi^ral electrode 90 and a circular ring electrode 60 is employed. 
■ This embodiment combmes the advantage of having the arc between .the circular ring 
electrode 60 and the anode 70 during normal operation of the reactor 10 with die 
abiUty to reignite the sliding arc without moving the circular ring electrode 60, if. for 
any reason, the arc should extinguish itself. Thus, in operation, the sliding arc'is' 
ignited at the free end 94 of the spiral electrode 90 and moves down die spiral 
electrode 90 as described above. Once die sUding arc reaches the circular ring 
electrode 60, it is maintained between the circular ring electrode 90 and the anode 70. 
Should die arc be extinguished, it wiU immediately reignite at the fiee end 94 of the 
spiral electrode 90 and the process will repeat itself. This arrangement adds additional 
stability to the plasma generation by minimizing the time that the arc is extinguished. 

The arrangement shown in Fig. 9 is for die case of DC or two-phase AC . 
power. For three-phase AC power, multiple arrangements of electrodes as showiiin 
20 Fig. 9, can be employed. 

In yet another embodiment, shown in Fig. 10, the circular ring electrode 60 
forms part of one end of the reactor 10. 

It is to be understood that various features of die different embodiments shown 
in the drawings may be combined with one anodier in a plasma reactor 10 in 
accordance with the present invention. For example, die various embodiments of heat 
exchanger 40 can be enq)loyed in any of the embodiments of the plasma reactor 10 
shown in the figures. 

In a second aspect, die present invention relates to a mediod for the conversion 
of Kght hydrocarbons to hydrogen-rich gas m a plasma reactor. The method mcludes 
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the steps of introducing at least one Ught hydrocarbon and o^Qrgen into a reaction 
chamber, subjecting at least the light hydrocarbon feed gas a reverse vortex flow, and 
converting said Ught hydrocarbons to hydrogen-rich gas with a plasma assisted flame 
(PAF). 

In the method, the axial gas flow may be created by the steps of feeding gas in 
an axial direction into said reaction chamber and, optionally, accelerating said axial 
gas flow through a flow restriction. The circumferential gas flow may be created by 
the stq> of feeding gas into said reaction chamber m a direction tangential to a 
sidewall of said reaction chamber. In order to assist in the maintoiance of the PAF, a 
third, o;orgen-rich gas stream can optionally be introduced at the other end of the 
reaction chamber. 

The method includes generatmg plasma in said reaction chambCT. Plasma 
generation may inchide the step of pro viding a sliding electrical arc in said reaction 
chamber, as discussed above. 

The methods of the present invention may employ any of ttie reactors shown 
in the figures. In addition, each mefliod of the present invention may optionally 
include the step of preheating one or more feed gases by counter-curent heat 
exchange with the product stream fiom the plasma reactor. 

If a plasma reactor with a movable electrode is emp!oye<i the method may 
further include the step of moving the electrode firom a first, ignition position,- to a 
second, operation position after ignition of the sliding arc in the reactor, hi this 
method, operating conditions can be optimized, for example, by varying die distance 
between the movable electrode and the fixed electrode. 

It is to be understood that even though numerous characteristics and 
advantages of die present invention have been set forth in the foregoing description, 
together with detaib of the stmcture and function of the invention, die disclosure is 
illustrative only, and changes may be made in detail, especiaUy in matters of shape, 
size and amm^ent of parts within the prijjciples of the mvention to tiie full extent 
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indicated by the broad general meaning of the tenns in which the appende4 claims are 
expressed. 
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WHAT IS CLAIMED IS: 

1. A plasma reactor for conversion of light hydrocarbons to hydrogen-rich gas, 
comprising: 

' a wall defining a reaction chamber 
an outlet 

a reagent inlet fluidly connected to the reaction chamber for creating a reverse 
vortex flow in said reaction chamber, 
an anode; and 

a cathode connected to a power source for generation of a sUding are disch^ge 
in the reaction chamber. 

2. The plasma reactor of claim 1, wherein the reaction chamber is substaptiaUy 
cylindrical. 

3. The plasma reactor of claim 2, wherein said reagent inlet for creating a reverse 
vortex flow comprises a gas supply and one or more gas inlet nozzles oriented 
tangentially relative to the waU of the plasma reactor. 

4. The plasma reactor of claim 3, wherein said reactor comprises first and second 
ends, the reagent inlet is located proximate to the first end, and the reactor 
further comprises a second inlet fluidly connected to the second end of said 
reactor. 

5. The plasma reactor of claim 4, wherein the cathode is positioned a 
substantiaUy constant distance from the anode during operation of the reactor. 

7. The plasma reactor of claim 5, wherein the anode is positioned proximate to 
the first end of the reactor and at least a portion of the cathode is positioned in 
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the reaction chamber to create a small gap between the anode and the cathode 
for initiation of a plasma generatiag electrical arc at said small gap. 

8- A plasma reactor as claimed in claim 7, wherein the anode also functions as a 
5 flow restrictor to assist in the generation of a rev^e vortex flow. 

> 

V ^- A. plasma reactor as claimed in claim 8, wherein the cathode is a spiral shaped 

electrode. 

10 10. A plasma reactor as claimed in claim 9, wherein a distal end of the spiral 

shaped electrode, relative to the position of the anode, terminates in a circular 
ring shape. 

11. A plasma reactor as claimed in claim 8, wherein the cathode is a combination ' 
15 . of a spiral shaped electrode and a circular ring electrode. 

12. A plasma reactor as claimed in claim 5, wherein the cathode is a movable 
electrode which can be positioned in a first position to create a small gap 
between the cathode and the anode for electric arc ignition, and can be 

20 positioned in a second position at a greater distance from said anode after 

electric arc ignition to provide a stable plasma in said reaction chamber. 

13. A plasma reactor as claimed in claim 1, further comprising a heat exchanger 
for preheating at least one reagent for feeding to said plasma reactor by heat 

25 exchange with at least one product finom said plasma reactor. 

14. A method for.converting light hydrocarbons to a hydrogen-rich gas comprising 
the steps of: 

providing a plasma reactor, said plasma reactor comprising: 
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a wall defining a reaction chamber; 
an outlet; 

a reagent inlet flnidly connected to the reaction chamber for creating a 
• reverse vortex flow in said reaction chamber; 
an anode; and 

a cathode connected to a power source for generation of a sliding arc 

discharge in the reaction chamber; 
. introducmg ligjht hydrocarbons mto said reaction chamber in a manner which 
creates a reverse vortex flow in the reaction chamber 
providing oxygen to said reaction chamber, 

processing said light hydrocarbons using a plasma assisted flame; and . 
recovering hydrogen-rich gas from said reactor. - 

15. The method of claim 14, wherein the reverse vortex flow is created by feeding 
a gas containing light hydrocarbons into said reaction chamber in a direction 
tangential to the wall of said reaction chamber. 

16. The method of claim 14 wherein the reverse vortex flow is created by feeding 
an oxygen-rich gas into said reaction chamber in a direction tangential to the 
wall of said reaction chamber. 

17. The method of claim 15, wherein said plasma reactor comprises first and 
second ends, the reagent inlet is located proximate to the first end, the reactor 
further comprises a second inlet fluidly connected to the second end of said 
reactor, and wherein at least some of said oxygen is provided to the reaction 
chamber via the second inlet. 

18. The method of claim 16, wherein said plasma reactor comprises first and 
second ends, the reagent inlet is located proximate to die first end, the reactor 
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further comprises a second inlet fluidly connected to the second end of said 
reactor, and wherein at least some of said oxygen is provided to the reaction 
chamber via the second inlet 

19. The method of claim 17, wherein the plasma reactor comprises a movable 
cathode and said mefliod further comprises the steps of igniting an electrical 
arc with said movable catfiode in a first position, and moving the movable 
cathode to a second position farther fix)m said anode than said first position for 
operation of said reactor. 

20. The method of claim 1 8, wherein the plasma reactor comprises a movable 
cathode and sdd method fwther comprises the steps of igniting an electri ' 
arc with said movable cathode in a first position, and moving the movable 

. cathode to a second position ferther fix>m said anode than said first position for 
operation of said reactor. 
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ABSTRACT OF THE DISCLOSURE 

A plasma reactor is provided. The plasma reactor includes a reaction chamber 
fonned by a wall. Proximate tathe a first end of the reaction chamber, the plasma 
' S reactor includes a feed gas inlet for creating a reverse plasma gas flow in the reaction 
chamber. The plasma reactor also includes an anode and a cathode connected to a 
';. power source for generation of an electric arc for plasma genmtion in said reaction 
chamber. The plasma reactor may optionally include a movable catiliode adapted for 
movement firom a first, ignition position to a second, operational position in the 
10 reaction chamber. Also provided is a method of converting light hydrocaibons'to 
hydrogen-rich gas, using the plasma reactor of the invention. 
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